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1.0 INTRODUCTIOJ

The electron-team window in electron-beam-pumped excimer lasers is a

critical component that has to be thin (< 1x10 3 inch) to transmit the elec-

tron beam, and strong enough to support static pressures of up to - 100 psi

relative to the vacuum of the electron gun. In addition, the window foil must

withstand the repetitive pressure pulse caused by heating of the laser gas,

and simultaneously, the rapid heating caused by the passage of the electron

team. Such a demanding list of requirements eliminates all but Tialloy foils

from practical consideration.

Ir the present program, we have measured the mechanical strength of Ti

foils ard correlated this with the foil performance under simulated laser load

cycling. The objective has been to develop an accurate method for the mechan-

ical design of foil window~s. In the course of this work, we have made a num-

ber of surprising observations on the strength of rolled Ti foils compared to

bulk material strength, and shown that, indeed, the optimized performance of

foil windows is far in excess of previous expectations.

The present report begins with a description of the choice of Ti alloy

foils, the measuremn(rW of their tensile and fatigue strengths and the examina-

tion of their crystal structure. In the first approximation, these results

should be used, in conjunction with stress calculations, to predict foil per-

formance in the laser application. The details of such calculations are pre-

sented in Section 3.0. However, a static burst test that measured the

membrane, or biaxial, foil strength showed a discrepancy with the predicted

burst strength. This is discussed in Section .0, along with an analysis of

the hiaxial strenoth enhancement. Section 4.0 concludes with a tentative pre-

scription for foil design, as a basis for comparison with the subsequent ex-

perimerts.
Section 5.0 describes the design ard operation of a laser pressure cycle

simulator that was used to test foil performance. The movement of foils on

this rig was measured in real time using a novel interferometer, wl-ich is de-

scribed in Section C.0.

-8-
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The measurement of foil movement in real laser conditions is described

in Section 7.0, and the results compareO with theoretical expectation.

Conclusions are drawn in Section 8.0 regarding the status of foil

mechanical design at the end of this program. Recommendations are made for

future work.

.
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2.0 FOIL PROPERTIES

2.1 SELECTION OF Ti P!_LOYS

Because repetitive laser pulsing leads to substantial heat loads in the

foil (10 ) 100 W cm"2 ), the foil typically operates at a temperature well

above ambient and, depending on the method chosen for cooling the foil, may

operate between 1000C and 400 0C (200°F to 7FO°F). Ideally, we would select a

high-strength, high-temperature Ti alloy. However, the very structures that

are needed - stable (a + 8) phase alloys such as Ti 6-4 (6% Ak, 4% V) are

those that are most difficult to cold roll.

In order to cover the broadest range of Ti properties a short list of

alloys was drawn up (Table 1). Of these, it was found impossible to obtain Ti

6-4 in < 1 mil thickness, at least without entering an open-ended development

contract. The possibility of rolling < 1 mil Ti C-4 had teen demonstrated in

previous work,(1) but difficulties had been encountered which made further

work with this alloy for large-area foils appear relatively unattractive. The

first entry in Table I is an example of a single-phase (a) alloy, containing

0.4 percent oxygen. Its high temperature strength is low because it does not

contain an interlocking s structure to stabilize the grain boundaries. How-

ever, it is not difficult to cold roll to 0.5 mil in large areas, pinhole-

free. The second entry in Table I is an example of a widely used intermediate

strength alloy, containing 3 percent AZ + 2.5 percent V. It, too, is readily

rolled to 0.F mil.

* The last item in Table 1 is different (2 ) in that its high Vanadium

content stabilizes the s phase as the alloy is cooled from 14000F, its "8
transus temperature," so that the alloy is almost pure 8 phase at room temper-

ature. Ir, the 6 phase, it can be rolled at room temperature in good-quality,

large-area strips (up to 14 in. wide at least), down to 0.5 mil thickness.

Reductions of up to 40 percent per pass are used, down to the smallest

1. Private communication, Hamilton Precision, Inc.
2. H. W. Rosenberg, review article in Journal of Metals,Nov. 1983.

-10-
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TABLE 1. BULK PROPERTIES OF Ti ALLOYS

Allo,, and Main Alloy Tensile Strength (k.s.i.) Remarks
Additions
(WT.PCT.) R.T. 400°F 600°F 800°F

CP Ti Grade 4 80 - 44 34 Corrosion Resistant
0.4 Oxygen Ti, Pure Alpha

Ti-3-2.5 90 - 65 55 Alpha + Beta Alloy
3 Al-2.5V Moderate Strength

Easy to Form

Ti-6-4 130 - .00 90 Alpha + Beta. The
6 Al-4V Most Commonly Used

Alloy For Low and
Moderate Temps.
Difficult to Roll

Ti-15-3-3-3 1F5 JF3 144 Near Beta Alloy.
15V-3Cr-3Sn-3Al Readily Rolled.

Aged After Rolling
To Develop Full
Strength

-11-
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(3)

thickness. In order to develop the full alloy strength, Ti 1-3-3-3 may

be "aged" at intermediate temperatures (8000F to 10000F) so that an a phase

precipitates within the material. Once aged, the material strength is higher

than duri,.g rolling, and subsequent rolling is not possibtle unless the mate-
rial is 'reset' to the B phase ty rapid cooling from 1aOOcF. A consequence of

*" .the B metastability of Ti 15-3-3-3 is that it is essentially a low-

temperature alloy (< 8000F) on account of its aging behavior atove this te,-

perature. However, its temperature range is adequate for the laser

application.

S-'. Foils procured for the purpose of testing are listed below:

Alloy Nominal mils Thicknesses Ribbon Width

CP Ti (t) 0.5, 1.0 f in.

Ti-3-2.5 0.., 1.0 f in.

Ti-15-3-3-3 0.6, 0.75 14 in.

The condition of the Ti 15-3-3-3 was "as rolled and strand-annealed" referring

to the practice of passing the foil through an oven at > 1400°F for < 3 min on

the firal rolling pass. All foils were procured from Arnold Engineering.

2.2 TE1JSTLE TESTS ON FOIL MATERIAL

The testing of < I wil metal foils is a specialized business that we

assigned to Petcut Pesearch Associates, Inc., of Cincinnati, Ohio, because of
their prior experience and their ahility to perform 600'F tensile and fatigue

testing of foils under good vacuum. It was considered necessary to have
< 10 torr conditions, particularly for the high-cycle fatigue testing,
which could take up to four days per sample, risking oxidation in a normal

atmosphere or in a contaminated argon tuffer.

Test coupons were identical for both tensile and fatigue testing, and

"* .conforned to the dirersions shown in Figure 1. The coupons were prepared in a
stack, sandwiched between 1/4 in. plates, which was ground to the correct

- 3. Private communication, Arnold Engineering, Inc.
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contour. Typically, 50 to 100 samples were prepared simultaneously in a

stack. After grinding, the edges of the stack were polished with a series of

papers (240, 400, 600) to give a high polish, following standard practice on

1/4 in. bar fatigue samples. During preparation and testing, the foil samples

. were handled with rubber gloves and cleaned when necessary with acetone. This
precaution was taken to avoid sodium or hydrocarbon contamination, which could

have influenced foil fdtigue pprformance.

Initial testing was with tamples cut parallel and perpendicular to the

rolling direction (longitudinal or transverse), but no significant difference

was obtained in the two tersile strengths and subsequent work was with a mix-

ture of longitudinal and transverse specimens.
The tensile tests were performed on a closed-loop, servo-controlled

hydraulic system of 20,000 lb capacity (LCF Io. ?6-2), which applied strain at

the rate of 0.005 in/in/min. For each specimen the stress-strain curve was

recorded, and was analyzed to give the 0.2 percent Yield Strength (YS) and the

Ultimate Tensile Strength (UTS). After fracture, the foil pieces were placed

together to obtain an estimate of the elongation. Because of foil puckering,

this elongation estimate was not very reliable, but the results are quoted in

order to show the extent of ductility reduction in foils.

Tests were performed at 75°F and 6000F. The high temperatures were

ottained by RF induction heating of the foil ribbon samples. Temperatures

were measured by thermocouple probe in contact with reference foils. It was

found necessary to employ an extremely fine (12 pm diameter) chromel alumel

probe wire in order not to perturb the foil temperature at the point of probe

cortact.

The test data at 75°F is summarized in Table 2, in which the standard

errors refer to the mean of three tests for each material. The 600°F data is

presented in Table 3. The comparison between data at different temperatures

and bulk material data is shown in Table 4.

Examples of the stress-strain curves are shown in Figure ?. In this

figure, the 0.2 percent yield line is drawn parallel to the initial slope. As

may be seen from the abrupt termination of some of these curves, the foil

ductility is generally very low.

The elastic modulus, E, of the foil material is also presented in

Tables 2 and 3. The moduli are in agreement with bulk material measurements

at 750F, apart from Ti 15-3-3-3 aged at 800OF for 8 hours, which has

25 percent higher modulus than expected.

-14-
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TABLE 2. 75°F TENSILE PROPERTIES OF Ti FOIL SAMPLES

Material Thickness Ultimate Yield Elastic Elongation
(1O-3 inch) Tensile Strength Modulus (Percent)

Strength 0.2 (Y.S.) E
(UTS) (k.s.i) (lOfpsi)

(k.s.i.)

CPTi(4)] 1.0 148*1 142*1 15.8 1.0*1.0

Ti 3-25 0.60 142*1 132*1.4 12.4 2.9*0.3

Ti 15-3-3-3
As rolled 0.65 1134 111*3 11.6 1.3*0.4
and strand

4 annealed

Ti 15-3-3-3
Aged IO00F 0.65 192*3 18F 1.5 14.8 1.1*0.4• ." 8 t~r

Ti 15-3-3-3
Aged 800OF O.E5 194*7 1947 20.4 1.5.1.4
8 hr

.

4 .
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TABLE 3. O0°0 F TENSILE PROPERTIES OF Ti FOIL SAMPLES

Material Thickness Ultimate Yield Elastic Elongation
(1O-3inch) (UTS) Strength Modulus (Percent)

(ksi) 0.2 (YS) E
(ksi) (lOfpsi)

CPTi(4)1 1.0 (6*2 6,*1.5 10.3 1.9*1.1

Ti 2-2.5 0.60 93*6 86*6 9.6 (..0*1.4

Ti 15-3
As Rolled O.65 96.5*0.6 89.6*2.2 10.2 0.2*0.2

Ti IF-3
Aged IO00°F 0.65 153.2*2.1 143.9*1.4 14.4 0.E*0.4

8 hr

Ti I5-3
Aged 800°F 0.65 183*3 175*2 14.9 1.1*0.5
8 hr

.6

.5,

-16-



TABLE 4. FOIL MATERIAL PPOPERTIES

Specimen Tt.ickresses 0.5 mil to 1.0 mil

Test Geometry 0.5 Inc Ri bLon with Polished Edges

Bulk Foil Foil Foil
Material U.T.S. 0.2 Y.S. j07 Cycle
U.T.S. (ksi) (ksi) Fatigue*

Material (ksi) (ksi)

C.P. Ti(4) 75°F 80 148 142
OO0°F 44 66 65 -

Ti 3-2.5 75°F 90 143 132 58
600°F 65 93 86 50

Ti 15-3-3-3 As Rolled 75°F 115 113 111 5E
(Strand Annealed) 600°F P) 90 -

Ti 15-3-3-3 Aged 75°F 165 192 185 80
10000F, 8 Hr. 600 0F 144 !F3 144 -

Ti 15-3-3-3 Aged 750F 180 194 194 113
800 0F, 8 Hr. FOO F - 183 175 60

*30 Itz Sinusoidal Load Peak: Min = 10:1

1

"" -17-
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STRESS
147ksi

STRESS
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,o 07
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' 0 I 0 I 2
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Figure 2. Typical stress-strain records for (a) CP Ti(4), (b) Ti 3-2.5, (c)
Ti 15-3-3-3 as rolled and strand annealed, (d) Ti 1E-3-3-3 aged
800°F, 8 hrs.

*4

-18-

-. 

L..



.-.. -- -. U -. '.,,•., .- V* . / \- V" --
' V  ' , '

2.3 FATIGUE TESTS ON FOIL MATERIAL

Foil samples prepared in coupons as described in the previous section

were subuitted to high-cycle axial fatigue testing, at both 75°F and 0°0 F.
The test conditions were:

Frequency: 30 Hz

Waveform: Sinusoidal

flachine: Closed-loop, servo-controlled hydraulic system,

20,000 lb capacity (LCF no. 2E-2)

"A" Ratio: 0.81 (ratio of cyclic stress amplitude to average

stress)

Vacuum: < 1x10 5 torr for 600°F data
7

Rurout: 10 cycles

"R" Value: 0.1 (ratio of minimum stress to maximum stress)

Because of time and cost limitations, each fatigue curve was generated from

six points only. In .'me cases, the curves were regular, but in other cases

it would have been more desirable to have twice as many points. The matrix of

fatigue tests is shown in Table E.

The test points are plotted in Figures 3, 4 and 5, in which qualitative I
lower bounds have been drawn. As anticipated for Ti, the loss of strength is
greatest below 10 cycles. In tie case of Ti 15-3-3-3 aged 800 0F, e hr.

(Figure 3), the room temperature data follows a very flat curve between 10
4

and 10 cycles. However, there is an unusual behavior in the COO0 F test for
this material, probably due to the effect of ageing d the fatigue test.

In general the 107 cycle strength is between 40 ard EO percent of the

U.T.S. although, in the 75°F case of Ti 15-3-3-3 aged 800 0F, 8 hr. it is F6

percent. This ratio is very similar to that for tulk material. (4)

9.1

?.4 rRYSTAL STPUCTURE OF FOIL MATERIALS

The size and disposition of a and B grains within the foil materials

were determined [y Scanning Electron Microscopy of polished and etched samples.

r. 'old Formatle Ti Sleet," Peport AFWAL-TR-82-d174.
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TABLE E. MATRIX OF FATIGUE TESTS

rateialThicnes( i-3 in.) Tk-peratures( 0F)

CP Ti (4)

Ti 3-2.5 0.60 75; 600

Ti 15-3-3-3 0.65 75
As rolled and
strand annealed

Ti ?5-3-3-3
(Aced 1000 .F, 0. I 75

Ti 15-3-3-3
(Aged 8O00F, 0.65 75; CO0
8 Hr)

0

-20-



7 5 OF ALL POINTS

0 

~ ~~AGED I0 0. g

- 0 
0

(I0

-~ 
(n

707

00

4 0 3 
CYCLES To ALURE

Figre .Hgh ycl axal atiuedata foro~ 
Tia53 as rolled, anid aged

lOOOFa 8fw h atagu oirtS With rr 
at3- IO ylsindicate

test runOutS

-21-



. -. .. .. .- . . - .. . -. .. . . . ,. p . . . *-.4.*t* . . .f ' .. , ,. ; ,-,, . .
'  

. .,.

.4

.

'

.' u I I j I " * I ,

TI 3- 2.5, 0.60MIL

100 A 75*F

0 600OF

90-

w

U70 0

4, - 0

X 
0

260 -
0

0

50-

0 a I I I I I i I I , ,I n p , ii I p

103  0 105 106 1

"9997 CYCLES TO FAILURE
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Figure 5. High cycle axial fatigue data for Ti 15-3-3-3, aged 800°F, 8 hrs.
at 75°F and fO0°F.
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All foil samples were mounted in takelite, using a Buehler "Plet-Klip"

for edge support. The face of the nount was polished with successively

smaller grits down to 6 pm and given a final polish on a Buehler "microcloth"

with a slurry of O.OE gamma alumina and distilled water.

In the case of Ti 3-2.5, etching was performed with standard Kroll's

etch and, in the case of Ti 1E-3-3-3 with - 1 percent HF in a saturated oxalic

acid solution.
T:e structures will be discussed separately for each material:p-:. a) CP Ti (4), 0.5 mil and 1.0 mil. Examples of the structure are shown

ir Figure 6, in wvich it is seen that the a grains (which make up

.' all of the material) are elongated in the plane of the foil and have

a thickness not much less than that of the foil. On average, there

are about three grains in the thickness of the foil. The small cir-

cular features in Figure 6 are very probably etch pits caused by the

heavy etching necessary to reveal the a-a boundaries. It appears

that the process of rolling from 1 mil down to 0.5 mil does not

change the number of a grains in the foil thickness, but further

distorts them. The thinnest rolled foils are highly anisotropic in

structure.

h) Ti 3-2.F, 0.6 mil. Microscopy on this a-8 alloy reveals a very fine

grain structure with atout 15 grains in the foil thickness

(Figure 7). The grains are long and narrow and well interleaved.

The Kroll's etch preferentially attacks a material and, hence, we

may suppose that the lighter crystal features, which correspond to

raised areas, are probably the B grains. This structure resembles

c) "the Ti 3-2.5 structure observed by Hoffmar.(")

c) Ti H5-3-3-1, 0.E5 mil, as rolled and strand annealed. In this con-

dition, the -oil ;s mostly in the B phase. In the bulk material,

rapid cooling from 14F0°F results in pure B phase. However, in very

highly worked material such as the present foil, a very fine a pre-

cipitate is observed throughout the volume of the B grains, whose

boundaries are clearly seen in Figure P(a). On average, there are

only two B grains in the foil thickness and in many places only

one. The B grains are not elongated after strand-annealing, but

show a more equiaxed appearance.
0,

E. C. G. Hoffman, Proc. IEEE Intl. Pulsed Power Conference, IEEE, pp. III
C-2-1, 12 (197f).
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(a) 0.5 mil (b) I.OmiI

K9962

Figure 6. Scanning electron micrographs of CP Ti(4, 0.5 miil and 1 mil foils.
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-(a

K9445

Figure 8. Scanning electron micrograph~s of Ti 15-3-3-3, 0.65 mil foil, as
rolled arnd strand annealed: (a) grain structure in polished section
(b) fracture surface of the same material.
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A different view of the same material is afforded by scanning micro-

scopy of its fracture surface, generated Ly tearing the foil

[Figure 8(b)]. The fracture reveals s grain boundaries in which

small a grains are embedded. Such a structure has the potential to
be very strong because of a pinning of the s boundaries.

d) Ti 15-3-3-3, O.C5 mil, aged foils. Ti 15-3-3-3 bulk material

reaches its maximum strength after an "ageing" of - 8 hr at 100°F.

However, in view of the presence of a finely distributed a phase in

the as-rolled and strand-annealed foil, it was thought that to

develop the highest strength in a foil might not require so much

ageing as in the bulk material. The tensile strength measurements

recorded above do indeed show that a greater strength is achieved

with lower temperature ageing, particularly the 600 OF tensile data

(Tables 2 and 3).

In order to generate reference structural data, a set of different

ageing conditions were used on samples of Ti 15-3-3-3. Ageing was

' performee for I Vr, 4 hr and 8 hr at each of 800 0F, 900°F and

1000°F. A vacuum of < 10- F torr was used throughout.

Figure 9 shows the structures obtained for 4 hr and 8 hr ageing at

800 0F. The a phase develops from a nuclei already present in the

-.., as-rolled foil, with the development being more rapid at the 8

boundaries.

Figure 10 shows the structures obtained by ageing at 900'F for 1 hr

and 4 hrs. After I hr of ageing at 900°F, the structure is devel-

oped to the degree exhibited by 4 hr at 800'F.

* Figure 11 shows the results of ageing at IO00°F for 1 hr and 4 hr.

At I hr, the a phase has already developed beyond the 8-hr, 800°F

state, and at 4 hr, the general appearance is dominated by extensive

a plate development. More detail of this structure is shown in

Figure 12(a), and the a plates are more strikingly revealed in a

fracture surface as illustrated in Figure 12(b). By examination of

the fracture surface, we may speculate that the weak points in the

material are the a plates (smooth conchoidal fracture surfaces), and

that already with 1000F, 4-hr ageing, the a phase is overdeveloped.

-28-
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~p. K975 2

Figure P. Scanning electron micrographs of Ti 15-3-3-3, 0.65 mil foil (a)
aged 8000F, 4 hr. and (b) aged 8000F, 8 hr.
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K 9751

Figure 11. Scanning electron micrographs of Ti 15-3-3-3, 0.65 mil foil (a)
aged 10000F, I hr. and (h') 1000 0F, 4 hrs.
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(a)

K95

Figure 12. Scanning electron micrographs of Ti 15-3-3-3, M.E mil foil aged

10000F, 4 hrs.: (a) magnification increased and Mt' fracture
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Examination of these structures leads to the choice of 8000F, 8 hr

ageing for the more detailed tensile and fatigue analyses recorded

above. Although the room temperature tensile strength does not

differ greatly tetween 8000F, 8-hr and 10000F, 8-hr ageing, the P.T.

*- fatigue data in Figures 3 and 5 shows a very much better high-cycle

fatigue strength (110 ksi) for the 800°F ageing than for the IO00°F

ageing (80 ksi). Unfortunately, we did not have the resources to

*..T compare R0OF fatigue data for these two ageing conditions. As the

-- data of Figure 5 shows, there is an atypical decrease in fatigue

strength of the 8000F, 8-hr material at the elevated fatigue temper-

ature. Because the degree of ageing at CO0°F during 5.105 cycles
.

(4.f hrs) would not be very significant according to this survey of
structures, it is speculated that this decrease in fatigue strength

might be caused ty transient local stresses occasioned by the small

degree of phase transformation that is occurring at 600°F. Further

* .work is needed on the elevated temperature fatigue aged Ti 15-3-3-3

foils to clarify this issue.

.O,
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3.0 MODELIiKM OF STRESS DISTRIBUTION IN LOADED FOIL WINDOWS

3.1 IP'TRODUCTION

Present-day techniques in the finite element modeling of plastic mate-

rials allow a complete description of the foil stresses once the material pro-

perties are known. Stress-strain curves for the candidate foil materials have

been presented in Section 2.2 so that, in principle, the burst pressure and

fatigue life of foil windows can be predicted. As we shall see in Section

4.0, the issue is not straightforward because we have measured burst pressures

*substantially higher than a model using the measured uniaxial strength would

predict. In fact, w'e have to invoke a substantial biaxial strength enhance-

ment in order to account for the burst data. This, in turn, implies that the

Ti foil windows remain elastic to much higher stress levels than the quoted

uniaxial 0.2 percent YS levels of Section 2.2. In order to retain generality

we first discuss the broad features of foil stress distribution for an assumed

elastic Ti foil material (Section 3.3), specializing to a particular model of

inelastic material in Section 3.4. In the latter section, we demonstrate re-

duced peak stress caused by material yield above the support rib, and also

show that high pressrre pre-forming can, in principle, reduce the peak foil

stress during laser operation at a lower pressure. In Section 3.3, the

stresses in foils over an elliptical rib are computed as a function of ellip-

ticity and a stress minimum is demonstrated for ellipticity 8 in a FO per-

cent transmitting rib structure.

3.2 USE OF THE NASTRAN STPUCTURAL CeDE

NASTRAN is a general-purpose digital computer program designed to anal-

yze the behavior of continuous structures under a range of loading and boun-

dary conditions using a finite-element approach. The finite-element

formulation embodies a discrete or lumped element idealization of a continuous

physical system. TMis discrete system is represented by a finite number of

su-structural elements interconnected at a finite number of grid points.
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Further dtails of the formulation are given in the MacIeal-Schwendler

Corporation Report, MSR-40, the Hastran-Theoretical Manual, December 1972.
NASTRAN provides non-linear analysis for structures having both geomet-

ric and material non-linearities. The geometric non-linearities include the

geometric stiffening effects caused by large displacements such as encountered

when a thin membrane is loaded normally and stressed in tension. The material

ron-linearities include options for plastic yield, flow, hardening effects,

and non-linear elastic functions.

At the finite element level, a gap element, a plastic hinge for beam

elements and plate elements have teen provided. The gap element provides for

spaces in the structure which can close, open and slide such as between the

foil plane and the curved rib support surface. As the foil deforms under a

load, it moves freely until it makes contact with the rib surface. Upon con-

tact, the rib structure provides large resistance to further foil movement at

the contact locations, as shown schematically in Figure 13.

The plastic hinge for beam elements is accounted for automatically. The

beam cross section is divided into eight equal sub-areas. The sub-areas are

analyzed as individual rods with elasto-plastic material properties.

The material non-linearity provides for two broad categories; non-linear

elastic and plasticity, as shown in Figure 14. For the non-linear elastic

relation, the unloading follows the stress-strain curve, whereas elastic un-

loading occurs in the plastic analysis.

Four yield function options and three Bauschinger effect options are

provided. The yield criteria are based on the following theories: von 1hises,
Tresca, Mohr-Coulomb and Drucker-Prager. The Bauschinger effects describe the

material-hardening behavior of a plastically deformed specimen when it is un-

loaded, as depicted in Figure 15. Three hardening rules are provided: kine-

matic, isotropic and combined. The stress-strain relations by Pradt and Reuss

are employed for elastic-plastic materials. For further details, see Section
2.14 of the f4SC/NASTRAN Application Manual.

The non-linear solution algorithm for statically applied loads is based

on iteration techniques, with the load divided into incremental steps. See

the Application Manual for details since the algorithm is complex and too
lengthy to describe here. The algorithm employs three error criteria in the

iteration process: the unbalanced displacement vector, the unbalanced force

-35-
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Figure 13. Schematic of foil movement constraints in model.
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Figure 14. Paterial options in NASTRANJ.
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Figure 1. Plastic deformation model in NASTRAN.
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vector and the energy error fraction. The Newton-Raphson iteration method is

included in the algorithm. Element stiffness updates are provided automatic-

ally or at iteration intervals as specified ty the user, based on the material

tangent modulus at the current load.

Transient anal, sis of non-linear structure with dynamically applied

* *loads is performed utilizing the numerical techniques for static loads with

time steps replacing load steps. The Newmark Beta Method is employed for

transient integration combined with the Newton's Method for non-linear solu-

tions.

NASTRAN has a restart capability for both the static and transient anal-
ysis. Th- stress-strain data at any specified load can be stored in a data

file and the problem can be restarted from the last load condition and contin-

ued with the loading history. Transient analysis can be performed on restart

from d static load condition. This is useful in the foil analysis as it is

initially loaded statically, after which the dynamic pressure pulse load is

applied during a laser firing.

The foil is modeled as a beam with a unit width between two rib sup-

ports, as shown in Figure IC. As the foil is stretched over several ribs, the

slope at the rib centerlines is zero because of a pressure load. Hence, only

one half of the foil span is modeled because of symmetry. The slope at the

foil mid-span between rib supports is zero but deflection is allowed at that

point.

The foil model corsists of 38 grid points, with 21 grid points for the

rib support surface. Ten equally spaced gap elements are included to describe
the normal gap between the foil and the rib surface. Each gap element allows

the foil to move freely under load until it contacts the gap surface. When

* contact occurs, the rib stiffness resistance is applied to the foil to prevent

further motion at that location. The rib thickness is 0.2 cm and the slot

width betiween ribs is 0.3 cm in the example of Figure 16.

Use of a typical friction coefficient shows that the foil will tend to

*slip in the tangent direction to the support rib surface because the friction

forces are greatly exceeded by the membrane forces. In the model, we have

*used a zero coefficient of friction.
Several rib contours were considered in the trade-off study: a circular

0 contour, ellipse contours with 6 to 1, 10 to 1 and 15 to 1 aspect ratios, and

a flat surface with a corner radius.
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Figure 16. Detail of foil beam model for the case of a circular rib profile,
0.5 cm rib spacing and 0.3 cm slot.
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3.3 ELASTIC FOIL STRESS RESULTS

The stress in the pressure-loaded foil is composed of a membrane stress

term with a superimposed bending term. The peak stress occurs at a point on

the pressure side of the foil above the suppcrt rit. This is caused by the

additive effects of membrane and bending stress. The position and magnitude

of the stress maximum depend sensitively on the contour of the support rib,
the foil thickness and applied load.

I. this modeling study and in the experiments to be discussed later, we

have used two different generic support shapes, illustrated in Figure 17. In

all of the modeling, we have used a rib width of 0.2 cm, but we have varied

the slot width, using slots of either 0.3 cm or O.F cm, corresponding to geo-

metric transmissions of 60 percent and 71 percent, respectively.

In the present section, where purely elastic material is considered, an

elastic modulus E = IF x .I0f psi is used throughout, as being representative

of Ti alloy foils (Section 2.2).

Examples of computed stress distributions for a O.F rail foil, 0.5 cm

slot and 7 atm load are shown in Figures 18 and 19. The region of high peak

stress on the pressure side is complemented by a low stress region on the rib

side where the bending stress cancels some of the membrane stress. In the

mid-span region, the membrane stress is the mean of the two curves, and its

value depends to first order on the length of unsupported foil between the

ribs. A good approximation to the membrane force P (lb/in.) and mid-span de-

flection Y (in.) is given by the following formulae ( 6 ) for flexible

cables, modified to represent a loaded ribbon of thickness t. (in.):

YMX = 9, (3p k1, 1

WX - 6Et ()

and

P = (2)i- = YMAx

F. Formulas for Stress and Stra'in, Roark and Young, 5th Edition, McCraw 1Pill

7 ". -41-
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Figure 17. Generic foil support rib contours.
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Figure 18. Stress distribution in 0.5 mil elastic Ti foil at 7 atmospheres.
6:1 elliptical rib, 0.5 cm slot.
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V Figure 19. Stress distritition in 0,5 mil elastic Ti foil at 7 atmospheres.
10:1 elliptical rib, 0.5 cm slot.
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in which E is the material elastic modulus (psi), Z is the free span (in.), and

p is the applied pressure load (psi). In the case of 5 atm loads on ellip-
tical support ribs of ellipticity 6 , 10, the free span is approximately equal

to the slot width plus 20 percent of the rib width. The NASTRAN calculations
give membrane stress values within 5 percent of the above expressions.

The magnitude of the bending stress depends strongly on the exact sup-

port rib profile. I. . comparison between the two generic support shapes

(Figure 17) it was found that the stress maximum for the ellipse could be made

0.8 times that for the radiused flat, when cases of optimized ellipticity

were compared with cases of optimized radius. For this reason, the remainder

of the modeling is of elliptical supports, although a radiused flat was used

in some of the experiments to be discussed.

Figures 20 and 21 show the peak stress distribution in 0.5 mil and

1.0 mil elastic foils for ellipticities 1, 6 and 10. Ellipticity 1 implies a

circular rib profile. It presents very high peak stresses near to the rib

centerline because the free span is long and the foil is curved sharply over

the contact region. Between Figures 20 and 21, we note that doubling the foil

thickness has a relatively small effect on the membrane stress [cf, formula

(1) above]. It also does not significantly change the bending stress, so that

doubling the foil thickness only decreases the peak foil stress by - 25 per-

cent for ribs of ellipticity 6 * 10.

A further calculation at ellipticity 15 showed peak stresses > 500 ksi,

indicating that the least stress optimum lay between 6 and 10, as shown in

Figure 22 for 0.5 mil and 1.0 mil foils. jecause of the expense of this com-

putation (3200 per point on average), we did not perform optimization for the

O.F cm slot, or other cases. However, the result appears to be similar, judg-
ing from the data points we have; that is, the optimum support ellipticity is

8. Although the ellipse is a very promising profile, which is simple to

tool for (as demonstrated below), the present calculations do not exclude the
existence of even better shapes, although the margin for improvement dimin-

ishes as the bending stress becomes small relative to the membrane stress.

The ratio of peak stress on the rib to peak stress at the mid-span is

explored in Figures 23 and 24, which relate to 0.5 mil foil, a 0.2 cm rib and

a 0.5 cm slot at ellipticities 6 and 10, respectively. The most important

"-45-
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Figure 20. Distritution of peak stress in 0.5 mil elastic Ti foil at 5
* atmospheres. 0.3 cm slot, rib ellipticities 1, f and 10.
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Figure 21. Distribution of peak stress in 1.0 mil elastic Ti foil at 5
atmospheres. 0.3 cm slot, rib ellipticities 1, 6 and 10.
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Figure 22. Peak stress as a function of ellipticity, showing optimum rib
profile for 0.5 mil and 1.0 mil elastic Ti foils loaded to 5

V, atmospheres.
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Figure 23. Peak stress at rib and midspan as a function of loading for 0.F
mil elastic Ti foil, 0.2 cm rib, 0.5 cm slot, and rib ellipticity
6.

-49-



1801

PEAK FOIL STRESS VS. LOAD
160 10: 1 ELLIPSE, 0.5 MIL FOIL

0.2CM RIB, 0.5CM SLOT
ELASTIC TIMET MATERIAL

140

120

C 10 0  .0

w-

(n 80-00

w
Q-~~ 60 " MD -SPAN

40-

20.

20

0 I2 3 4 5 6 7

* K9442 PRESSURE LOAD (ATMOS)

Figure 24. Peak stress at rib and midspan as a function of loading for 0.5
mil elastic Ti foil, 0.2 cm rib, 0.5 cm slot, and rib ellipticity
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aspect of this data is the roughly constant ratio of peak rib to mid-span

stress (- 1.F) which may be used to estimate peak rib stress at these ellip-
ticities once the membrane stress has been calculated from formulas (1) and
(2).

Also noteworthy is the dip in the peak rib stress curve, which shows

that, for a constant ellipticity, the stress is optimized relative to the

applied load at only one loading. This is a different aspect of the shape

optimization at constant loading discussed above.

%* The foil deflected shape is a catenary near the mid-span, but has an
inflexion point very close to the first point of contact with the rib, so that

the reversed Curvature of the rib surface can be accommodated. The inflexion

point may be read from a plot of the peak stress, because the local zero in

bending stress gives a minimum in the total stress at that point. For

example, in Figure 20, the 6:1 ellipse rib has its stress minimum at 0.075 cm

* from the rib centerline. Examination of the deflected shape shows that this
is, within error, the position where the foil ends its contact with the rib.

.YThe mid-span d~fiection of the foil accords with formula for yma to
* wthin 5 percent accuracy once the appropriate value of k, the free span, is

inserted. An example of the peak deflection as a function of pressure load is

given in Figure 25.

3.4 DEF0RVABLE FOIL STRESS RESULTS

Above a certain loading all real foils undergo plastic deformation,

according to the stress-strain curves in question. As discussed in Section

3.?, the NASTRAN code can handle arbitrary material properties, but using a

* particular stress-strain curve deprives the results of much of their general-
ity. Vie, therefore, present only a limited number of calculations for deform-

able material and, in the present section, limit ourselves to a qualitative

discussion only.
For the purpose of discussion we consider a material with E = 15 x

106 psi up to 120 ksi, deforming linearly above this stress as shown in

Figure 26.

In Figure 27 we show the computed stress at different loadings on a 6:1

ellipse rib. At 5 atm pressure (75 psi), the peak stress has nowhere exceeded
120 ksi and, hence, ro deformation has taken place. At 7 atm, the material
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ASSUMED PLASTIC FOIL MATERIAL PROPERTIES

MATERIAL: TITANIUM ALLOY (EXAMPLE)

DENSITY = 0.172 LB/IN3

MODULUS - 15.0 x 106 PSI AVERAGE

POISSON'S RATIO = 0.32

YIELD STRENGTH = 120,000 PSI (.2% YIELD)

STRESS-STRAIN CURVE USED FOR NASTRAN CODE

C.

o E WORK HARDENING SLOPE

LU

co) MODULUS =SLOPE 15.0 X 106 PSI

STRAIN -IN/IN

ASSUMED PLASTICITY FOR UNLOADING, ASSUMING COMBINED
ISOTROPIC & KINEMATIC HARDENING RELATION. (TENSILE &
COMPRESSIVE YIELD STRENGTH ARE INDEPENDENT AND
Ty (COMP.) - (TENSION)).
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K9987

Figure 26. Stress-strain curve assumed for deformable material example.
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Figure 27. Peak stress as a function of loading for O.E mil deformable Ti
example.
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has begun to yield on the pressure side near the edge of the region of sup-

port. At 11 atm, the region of deformation has spread to cover the entire

contact area with the rib support. However, only at the peak stress point has

the foil material yielded throughout its whole thickness.

Once yield has occurred, the foil retains a dimpled structure on unload-

ing, which is familiar to the experimentalist who has ever removed a foil

after use. The pressure at which deformation is first observed is an impor-

tant parameter test of this modeling, and more will be said on this subject in

Section 4.4.

A possible method of reducing the foil bending stress is pre-forming of

the foil by application of sufficient pressure to induce a permanent bend in

the foil before use at a lower pressure. This technique depends upon the foil
material retaining its strength in the process of cold forming, which is a

reasonable first approximation for small deformations. The process was inves-

* tigated on the computer using the example of deformable material given in

Figure 26. An initially flat foil was loaded to 12 atm, unloaded to I atm,

and re-loaded to 7 atm. On the second time at 7 atm, the peak stress had been

*reduced from 121 ksi to 106 ksi, a reduction of 12 percent (Figure 28). It

*was not found easy to maintain convergence if complete unloading was attempted

after foil deformation because of internal stresses remaining within the foil,

which tended to pucker the foil near the rib centerline. The residual

stresses were as high as 85 ksi. From this exercise, we conclude that pre-

forming can indeed reduce peak foil stresses but that, in practice, the foil

should always have positive pressure after pre-forming to avoid loss of posi-

.- tion by puckering. Another disadvantage of pre-forming is the need for much

additional strength in the foil support ribs, or additional support for these

ribs while the pre-fe-ming pressure is applied.

In practice, the strongest foils tend to have extremely low ductility

(Section 2.2), so that the margin for deformation without loss of strength is

0 very small indeed. In order to achieve the 12-percent reduction in peak

stress discussed above, the maximum deformation was actually 1.6 percent,

which exceeds the total ductility of Ti 15-3-3-3 foil (Section 2.2).

A further computation with measured foil material properties will be

discussed in Section 4.3, where it is shown that the properties measured in a

4uniaxial geometry are not appropriate for the biaxial stress loading in a real

foil application.
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3.5 DYNAMIC RESPONSE (F FOILS TO LASER PRESSURE PULSE

Immediately following the passage of the electron beam pulse through the

foil two separate effects change the stress distribution in the foil:

a) Electron energy loss in the foil causes a temperature jump in the

free-span region of the foil, which is unshielded by the ribs, lead-

ing to a change of foil deflection because of thermal expansion.

b) The electron beam energy deposited in the gas causes a temperature

jump in the gas, which is initially at constant volume. The result-

ant pressure jump has a duration determined by the acoustic transit

time of the inbound relaxation wave from unpumped regions of gas.

Of these two effects the biggest changes in stress are caused by (b).

Although the increased foil deflection caused by (a) works to increase the

bending stress, it is typically only < 0.3 of the deflection because of the

pressure pulse, and is not accompanied by an increase in membrane stress. In

", the remainder of this section, we discuss only effect (b), but an example of

(a) will be described in the single-pulse movement measurement of Section 7.0.

The duration of the pressure overpulse and its time history depend on

the foil location, as shown schematically in Figure 29. At an acoustic veloc-
4ity of E x 10 cm sec the pressure pulse clears a 10-cm foil face com-

pletely in 200 psec. However, the natural period of foil oscillation is

- 20 psec for typical foil spans and loadings, so that the foil executes at

least 10 ringing cycles while the overpressure is present. Even after the

pressure drops, the foil continues to ring, with a damping time determined
primarily by the radiation of acoustic energy into the gas.

The sudden application of pressure causes the foil to move to a new

equilibrium position, and an overshoot occurs if the pressure rises in a

time T < T, the oscillation period. Classical theory for a linear single mode

" model(7) predicts that, for the following linear ramp load function,

- " Ct/T ,0 < t <T

I. "5 ock and Vibration Handbook," Vol. I, Chapter 8, Harris and Crede,
(McGraw Hill, 196]).A ..-57-
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Figure 29. Qualitative view of pressure history in a pulsed laser.
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the response is

T sin ITT (3)
=-'T -T-

in which vMl/c is the ratio of peak deflection to equilibrium deflection

(reached after late-time damping).

As an example, we have used the PASTRAN dynamic option to follow the

application of a 1 atm, I psec linear ramp load increase to a foil loaded

statically at 5 atm. The computed motion is shown in Figure 30, and the cor-

responding stresses in Figure 31. Here, because T/T << 1, the foil overshoots

dynamically to a displacement which corresponds closely to that for a static

7 atm load, before executing oscillations with a period of 13 isec about the

equilibrium C atm displacement.

The classical single mode theory predicts a ratio vM/Ec = 2.0 for

this case, whe-eas the computed motion yields vM/ c = 2.14. This differ-

ence is caused by either the nonlinear constraints in the problem (foil-

surface contact) or the presence of higher-order modes of oscillation. In an

examination of the code output the presence of significant (> 10 percent)

arplitude in higher modes was not detected.

In the application of a greater pressure impulse for 12 psec (- the ring

period), slightly non-sinusoidal waveforms were observed (Figure 32), indicat-

ing that the problem becomes more non-linear for larger amplitude movements.

Ir a real situation, the foil oscillation frequency may be affected by

the mass of gas adjacent to the foil, if it becomes significant relative to

the foil mass. We may estimate when this effect is important by comparing the

mass of gas over the foil free span out to I span depth, with the mass of the

foil. For 0.5 mil Ti foil and Ne at F amagats, the mass ratio gas:foil =

0.23, for a 0.3-cm free span. This would be expected to increase the oscilla-

* tion period by - 11 percent, at a first estimate.

The last important parameter of foil movement is the damping constant.

For movement in the elastic material regime, damping can occur by (a) acoustic

radiation to the gas, and (b) acoustic radiation into the support rib struc-

ture, followed by damping at the ends of the ribs. Mechanism (a) alone leads

to quite high rates cf damping, and it probably dominates in practical situa-

tions. 59
.- 59-



FOIL TRANSIENT RESPONSE PLOT

0.5 MIL TIMET FOIL
6 :1 ELLIPSE RIB CONTOUR

Vt

6 APPLIED LOADC. 6 ATMOS./

•0 -5 ATMOS.

1 9.0-
MID-SPAN DISPLACEMENT

Z 8.8-

w.,". 8.6- STATIC DISP.
" _ (,. (6 ATMOS.)

< 8.4-
-; (L 8.2-

-8.0-

7.8

7.6 STATIC DISP.
7.4, (5 ATMOS.).-- 74

-- I I I I -1 -1 1 1 1
0 5 10 15 20 25 30 35

K 9158 TIME ~ Fs

Figure 30. Dynamic response of 0.5 mil elastic Ti foil to ipsec, I atmosphere
pressure jump, 0.3 cm slot.

%-.o
- * * .o* *-

,.- 4 - '?- * -* :~*" 4'



FOIL TRANSIENT RESPONSE

134-
0.5 MIL TIMET FOIL

- 6:1 ELLIPSE - RIB CONTOUR

STRESS PLOT - 0.06 CM FROM RIB

130 LOAD: 5 TO 6 ATMOS, I L s RISE

:-A

-, 126

cr 122
w

114

110 I I I
0 5 10 15 20 25 30 35 40

K . -9152 T I ME " PS

* Figure 31. Peak stresses relating to the dynamic response of Figure 30.

..

-61-

~I.S.-.



9.6 ' I ' ' '

, 9.4 - MID-SPAN DISPLACEMENT

Z 9.2

-') 9.0 t I/Ast12 S
" 1- 8.8 I 7-ATMOS

8.8FAPPLIED LOAD
8.6:" z \S J LSTATIC DIsP'-7 ATMoS)

z
w 8. 5 -ATM OS.- -

w 8.2
' C.)-STATIC DISPL.

8.0 (5 ATMOS.)

c" 7.8
,7.6

74
0 5 10 15 20 25 30

L2720 TIME (/ps)

Figure 32. Dynamic response of 0.5 mil elastic Ti foil to 12psec, 2
atmosphere pressure jump, 0.3 cm slot.

_t6

p. •



The radiated acoustic power per unit area of a piston of peak speed u0

is

Pr 1 2 a (4)
r 7 c 0 ac(4

where ac is the acoustic velocity in gas of density rc9 whereas the energy

of oscillation of a foil of thickness vi per unit area is

F W w 2 (5)

The foil, therefore, radiates its energy in a characteristic time

r= Eo/Pr rw (W)

r- r - cac

For example, with Ne at 1 amagat and 0.5 mil foil T r = 146 psec and

the acoustic damping for this case occurs in 11 foil oscillation periods.

To conclude this section on the dynamic modeling of foils, we note the

following points:

a) The foil overshoot in typical examples is well modeled by single

mode, linear classical theory, as in (3) above.

b) The foil oscillation is damped ty acoustic radiation in a character-

istic time given ty (M) above.
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4.0 BIAXIAL STRENGTH OF FOILS

4.1 DEFINITION OF PIAXIAL LOADING

Figure 33 shows the application of uniaxial and biaxial stresses to a

sample. Under uniaxial stress, the material can contract in thickness and in
width whereas, under biaxial stress, the material can contract only in the

thickness direction

For isotropic material, the application of equal biaxial stress compon-

ents results in a v2 increase in the yield strength whereas, for cylinder

loading (two-to-one hMpxial stress field), yield occurs at 1.15 times the uni-

axial yield strength.

In previous work with rolled Ti alloys, (8 ) strong anisotropy has been

observed in the thickness direction (i.e., the direction of compression during

rolling). In measurements of the biaxial tensile ultimate strength (BTU) on 6(8)
Ti alloys, ratios of BTU/UTS of between 1.00 and 1.42 were measured, de-

pending on the alloy, in 2:1 biaxial loading. The highest ratios were ob-

tained for a-type alloys and the lowest for o-type.

It is to be expected from the anisotropy of the foil crystal structure

(Section 2.3) that substantial biaxial strength enhancement will occur in the

CP Ti(4) and Ti 3-2.5 materials. The 15-3-3-3 material has a much more iso-

tropic appearance, but is different from the other materials in that it has

very few crystals (1-3) in its thickness and, therefore, might not have the

freedom to deform in the thickness direction. As we shall see below, all the

foil materials studied showed a large tiaxial strength enhancement. This

phenomenon was discovered i.n the course of a routine membrane burst test that

was designed to correlate measured membrane failure with a prediction based on

the stress calculations and measured material properties.

'97 Deformation and Rec'rystallization of Ti and Ti Alli.'s, S.R. Seagle and
H.D. Kessler, ASM/1IEI Publication C27L5 (1968).
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r 4.2 BURST TEST ANJD RESULTS

In the present tests foil material was held over a slotted frame that

had a rib contour belonging to one or other of the generic shapes
*2. (Figure 17). The slot geometry is shown in Figure 34(a). Also shown in

Figure 34(b) is the wider slot geometry used in later fatigue testing, but not

used in the burst test. Rib contours were the 6:1 ellipse and the flat,

radiused 0.05 cm.
The frames were machined out of stainless steel, special tools being cut

for the contoured rib surface. As a test on the final rib surface shape im-

pressions were taken of the ribs in either soft Al or butyl rubber, sectioned

and examined under low magnification. Results for the 6:1 ellipse and radi-

used flat are shown in Figure 35. Other than a light rub with the finest

emery cloth, these surfaces were used in the as-machined state. The ellip-

tical contour was a good match to the design shape; however, the radiused flat

had more gentle corners than the ideal shape (Figure 35). This is attribuited

to an error in the tool cutting, probably caused by lack of resolution at that

scale size.

The slotted frame rested on a shallow steel box fitted with an 0-ring

seal, so that the foil on its frame formed the sixth side of the box. A
* static load of 10,000 lbs was applied to the box and frame by a hydraulic
- . press so that the Ti foil sample was held at the edges by a load of

-1,200 lbs/in. This pressure was required to prevent any small degree of

slippage, which could increase foil deflection and hence decrease the membrane

stress for a given load. [The burst pressures showed a small increase
(k 10 percent) if < 4,000 lbs of loading was' applied.]

The foil loading was increased at the rate of < 2 psi sec -3by a gas

line entering the box. The pressure of rupture was recorded. Gas loading was
chosen because the anticipated burst pressures were < 400 psi, and the heavy

press surrounding the test box would deaden the burst noise. Unfortunately

the enhanced foil strength gave rather higher burst pressures than anticipated

(400 to FOO psi), so that rather loud reports issued from some of tbe tuvests.

WIth hindsight, hydraulic loading would have teen preferable.
Results from the burst tests are given in Table C. Typically tests were

performed on 6 samples, or more. The only foil material that gave really

reproducible burst pressures was Ti 15-3-3-3 as rolled and strand annealed.
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Figure 34. Plan showing test frame slot geometries: (a) 0.3 cm slot, (b) 0.5

cm slot.
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TABLE C. BURST PRESSURES AND BIAYIAL STRENGTH EP!HANCEMENT

" Material
Burst Ti 15-3-3-3

Pressures Cp Ti(4) Ti 3-2.5 Ti 1E-3-3-3 as aged 1000°F,
(psi) 0.5 mil 0.6 mil Rolled 0.65 mil 8 hr,0.6F mil

f:1 ellipse F60 * 29 566 * 16 F51 * 7 593 * 65
0.2cm ri b, n=6 n=9 n=6 n=4
0.3cm slot

radiused flat 398 * 67 423 * F4 431 * 15 520 * 88
0.05cm radius n=16 n=7 n=8 n=4
0.2cm. ri b,
0.3cm slot

6:1 ellipse
Calculated
burst pressure 343 421 291 615
based on uni-
axial strength

Biaxial
strength en- 1.63 1.34 1.89 0.9f
hancement factor

.- 9

S..

-.-

.5.
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The least reproducible material was Ti 15-3-3-3 aged 1000°F, 8 hr. All of the

failures were catastrophic with the exception of two samples (one CP Ti (4)

and one Ti 3-2.5), which began to leak but did not burst. Each of the latter

failures was at the low end of the range of burst pressures and seemed to be

caused by material defects.

Also given in Table 6 are the computed burst pressures using the uni-

axial material strengths measured in Section 2.0. The details of this calcu-

lation are given in the following section.

4.3 MODELING OF BURST TEST USING UNIAXIAL STRENGTH

Modeling of the burst pressure is complicated by the entry of the mate-

rial into the plastic regime well before the peak stress exceeds the UTS. One

approach that was attempted was to use the NASTRAN code with real material

(uniaxial) properties Pnd ever-increasing loading. The other approach, which

was more successful, was to model the material deformation by an effective

modulus of elasticity in formulas (1) and (2) above, where the effective

modulus refers to the stress and strain at the breaking point.

* The NASTRAN code was used to model an actual burst test with, Ti 3-2.5,

which was chosen because of its reproducible burst results and moderate

ductility. As seen in Table 2, at 75OF this material had a 0.2 percent yield

strength of 132 * 1.4 ksi (uniaxial measurement) and UTS = 142 * I ksi. Tts

measured thickness was 0.60 mil. The burst test frame had a 6:1 ellipse rib

of width 0.2 cm with a slot of 0.3 cm. Computed peak stresses at the rib and

midspan location are shown in Figure 36. The average midspan stress, or mem-

brane stress, is also shown. From this data, we note that, at the peak stress

point (on the pressure side above the rib) the stress exceeds the material UTS

at 14 atm, whereas the measured burst pressure is 37.7 atm. Once the UTS has

•; t een exceeded locally, the foil is expected to rupture catastrophically be-

cause an increasingly thin cross section has to support the full load. This

prediction of 14-atm burst pressure follows from the use of the uniaxial

strength. In order to predict a burst pressure of 37.7 atm, a higher mate-

rial strength has to te assumed. Furthermore, assumptions have to be made re-
garding both the yield strength and the ultimate tensile strength. Because of

the cost involved, we did not run the NASTRAN code with other sets of assumed
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material parameters. However, an extrapolation was made from the data in

Figure 36. If we considered the peak stress at the rib to be linear with load

between 8 and 17 atm, then the peak stress at 37.7 atm loading was 210 ksi,

-. and the implied biaxial strength enhancement was 210/142 = 1.48. This extra-

" polation suffers from the implicit assumption that the 0.2 percent yield

,* strength is 132 ksi, and, therefore, probably underestimated the strength en-

hancement.

A separate estimate of the strength enhancement was obtained from a cal-

culation of the actual membrane stress. Because the membrane stress is

critically dependent on the extent of material deformation, it is not enough

merely to use the elastic deformation from formulas (1) and (2). If we

approximate that the bending stress may be ignored relative to the membrane

stress, and employ an effective elasticity given by

ultimate tensile stress
Eeff = strain at ultimate tersile stress

then we may derive the following expression for the burst pressure from (1)

and (2),

4.9F 31  112
P(burst)= (8)_ (8E , Eeff t

in which F is the membrane force (lbs) at rupture, (i.e. F = UTS, t is the

foil thickness (in.) and is the free span (in.).

From Eq. (8), we generate the line of computed burst pressures in

Table 6, using the measured uniaxial F and Eeff values from the data in

Section 2.0. With one exception, we note that the computed burst pressure is

much less than the measured one. Furthermore, the use of (7) gives a high

value for the computed burst pressure, ecause bending stresses do make a con-

tribution, and the allowable membrane stress is therefore not as great as the

UTS, which was the assumption.

Clearly the use of uniaxial strength data does not describe the measured

burst pressures. We, therefore, ask: what modification is necessary to mate-

rial properties to explain the data? On the assumption that material rupture
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is related to strain we give equal strain to the uniaxial and the .iaxial

-. ultimate stress point. In formula (e), therefore, the effective modulus

Eeff is proportional to the ultimate tensile strength, F, and the burst

pressure scales linearly with F. The bottom line in Tatle E gives the pres-

sure enhancement ratio, which, in the light of the above, we interpret as the

ratio of biaxial ultimate tensile stress to uniaxial ultimate tensile stress.

For the highly anisotropic structures of CP Ti (4) and Ti 3-2.5 the en-

hancements are similar in magnitude to those obtained in reference (8). How-

ever, the as-rolled Ti 15-3-3-3 shows an extraordinary enhancement of 1.9,

which is not obviously related to anisotropy when the crystallograp.y of

Section 2.0 is considered. By contrast, the aged Ti 15-3-3-3 shows no en-

hancement but its very high burst pressure has a large variability, which

indicates that some other factor is at play - possibly the extremely low mate-

rial ductility causing high stress at localized contact points with the rib.

The other very low ductility material, CP Ti (4), also showed a large scatter.

At present, we con only speculate that the biaxial strength enhancement

in as-rolled Ti 15-3-3-3 is related to its large o crystal scale relative to

the foil width, which is in some way conferring on the foil some of the

strength that would be found in single crystal material. Further investiga-

tion is needed.

Although we have referred to biaxial strength, we are not able to com-

pute the biaxial stress ratio in foil-loading without a 3-D model. The pres-

ent NASTRAN simulations are 2-D and it is apparent that the cost of going to

3-D would be very high. For slots with rounded ends, like those we have used,

the analogy with a cylinder with spherical endcaps would suggest that the bi-

axial stress ratio is - 2:1, w.ith the greatest stress perpendicular to the

ribs.

In conclusion, measurements of the biaxial strength of Ti foils Ly means

of a static burst test have shown considerable stress enhancements over the

uniaxial foil strengths measured in Section 2.0. Already, as seen in Table 4,

the foil uniaxial strengths substantially exceed bulk material strengths in

most cases, so that total strength enhancements (over bulk material) are, at

750F,
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CP Ti (4) 3.0

Ti 3-2.5 2.1

Ti 15-3-3-3 (as-rolled) 1.8

Ti 15-3-3-3 (aged 1000°F, 8 hr) 1.1

4.4 TENTATIVE DESIGN METHOD

In the following section, an experiment is described in which foils are

loaded by a static pressure and subjected to repetitive overpressure pulses in

a simulation of laser conditions. The stresses in the test foils can be

.- modeled using the biaxial material properties of the previous section, which

• "apply at 75°F. The 0.2 percent yield strength and the ultimate tensile

strength values of Table 2 should be multiplied by the biaxial strength en-

hancement factors of Table 6, and used in the usual NASTRAN calculation.

Because the enhanced yield strengths are so high, many useful foil load con-

ditions do not even begin to yield the foil material.

A sensitive indicator of t~e accuracy of the calculation is its predic-

tion of the pressure at which "dimpling" of the foil is first seen (i.e.,

permanent deformation observed on removal from the frame). The 15-3-3-3,

0.6 mil as-rolled material has an enhanced yield strength of 209 ksi and the

pressure that can be applied on the 6:1 ellipse rib (with 0.3 cm slot) before

this stress is reached anywhere in the foil is 135 psi, according to elastic

foil calculations. Experimentally, dimpling is first observed at - 115 psi

for this material. This is in good agreement with the calculation, indicat-

ing, by a different means, that there is a large biaxial yield strength en-

hancement.
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E.0 CYCLIC PRESSURE SIMULATION

5.1 INTRODUCTION

The central experimental effort in the present program was the design,

construction and operation of a nevel rig to simulate laser impulsive pressure

loading on foils. The nature and approximate magnitude of laser pressure

pulses is discussed in Section 3.5, and experimental data is mentioned in

Section 7.0. Any simulation has to have an equivalent movement to the ringing

motion that follows a sharp pressure transient (Section 3.5). The most direct

simulation consists of tLe application cf a pressure jump with a risetime

shorter than the ring period. When possible methods of achieving this are

considered, only one stands out as being simple in concept and giving complete
flexibility in the choice of foil to be tested: pressure generation by the

magnetic self-force of a pulsed current-carrying conductor, and its subsequent
transmission to the foil through a layer of liquid. The only disadvantage
that this suffers from is that the foil ringing frequency is reduced by the
liq'uid loading to approximately 7 timies less than it would be in the real gas-
loaded situation. An alternative that was seriously considered was to utilize

the magnetic force on a current through the foil itself, situated between the

magnet poles of a strong electromagnet. This suffered from two principal dif-
ficulties: the Ti foil would have had required to be copper, or silver-coated
to carry the large currents needed; and cooling of the foil would have been
difficult to achieve in the confined space between the magnet poles. In

either case, it was not clear that conductive coatings would maintain their

integrity under the cyclic fatigue conditions of the test.

In practice, the choice of method has proved to be a success, with con-

tinuous day and night operation proving practicable. In the following two

sections, we discuss, first, the design of the machine and then its perform-

ance. Foil tests are described in Section 5.4 and a correlation with the sin-

usoidal fatigue data of Section 2 is made in Section 5.5.
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5.2 DESIGN OF PRESSURE PULSE RIG

The design parameters that we worked to were:

amplitude 15 psi

Overpressure rise time 10 psec

duration 20 psec > 100 psec

Static Pressure 0 > 200 psi

Repetition Frequency 0 > I kHz

Temperature Range 200C > 2000C
Foil Test Area 2F cm?

The force per unit area between two infinite current sheets of J A m

surface current density is

-- -2(5)•F Po 0 2l- 2

For 15 psi overpressure, we require 0=4x105 Am- . In order tc have the

lowest current, the test area was elongated to a 3:1 aspect ratio, with the

current travelling lengthwise, sc that a final current-carrying strip of

"* 3 x 8 cm was chosen, implying the need for a 12-kA current pulse.

The current-carrying strip was made of 20-mil copper and formed part of

the secondary circuit of a pulse transformer, as shown in Figure 37. It was

spaced by 20 nil from a solid copper backplate by a fine woven glass ribbon

that gave electrical insulation, and was porous so that the - I mil movement

of the current strip was not impeded by the elasticity of air. The copper

strip was in direct contact ,,it a JO-mil stainless-steel membrane, which was

- an integral part of the water jacket, being welded to the interior steel plate

• " (Figure 7). This membrane served to transmit the pressure pulse while keep-

ing water away from the current strip. A horizontal section is show~n in

Figure 38.

The power dissipation in the transformer secondary, including the cur-

rent strip, was one of the nost important design considerations. This was

handled by having a rapid flow (~ 3 m sec) ef cooling water tetween the foil

and the steel membrane. Additional water cooling was applied to the back

plate, and water-cooled plates were also clamped around the secondary sheets
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with 500 turns of 22 gauge copper wire, and on the secondary with a single

copper sheet (20 mil thick). In order to drive the primary current of 25 A

through this length of wire, the primary voltage has to be 13 kV. Adequate

high voltage insulation is provided between primary and secondary.

The current transformer is driven by a valve modulator, which gates the

current from a I PF storace capacitor. A parallel pair of EIMAC nodel 3 CPX

1500A7 tubes are used, being switched by the output from a COBER pulse gener-

ator (Figure 39). The entire assembly of valves and transformer is mounted in

oil for voltage insulation and cooling. The oil is circulated through a heat

exchanger, and cool returning oil is directed at the transformer secondary and

the valve heads. The operation of this modulator has been completely reliable.

"-* 5.3 PERFORMANJCE OF PRESSURE PULSE RIG

' .Z The current and voltage output of the modulator conformed generally to

expectation. The secondary voltage waveform is shown in Figure 40, along with

_. the primary current. The secondary current is difficult to measure directly,

but in the present circuit is obtainable from the primary current and the

." turns ratio. The pulse duration was variable between 20 psec and 100 psec,

although F0 psec pulses were found to be the most effective in producing large

* fcil deflections.
The effectiveness of the pressure pulser was derived from our measure-

ments of foil deflection. We did not measure the pressure jump directly with

.N a transducer (which might have been possible, although difficult). Rather, we

measured foil deflection ty interferometry, as described in Section C.0. The

* deflection is the most direct indicator of the stress cycle that the foil is

-. subjected to, if the previous modeling apparatus is applied.

,. . Foil midspan displacemment was measured at 30 Hz as a function of pulser

current for Ti 15-3-3-3 as-rolled foil (Figure 41). The test was on a 6:1

O ellipse, 0.2 cm rib and 0.3 cm slot geometry, with a cell static pressure of

75 psi. First, we note that the displacement follows an I law, as it

should do for < I atm pressure increments above 5 atms (Figure 25). The

magnitude of the peak displacement at 12.5 kA would correspond to a static

pressure increment Ap = 3.0 atm (Figure 25). However, the foil is observed to
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Figure 40. Current and voltage waveforms on test rig.
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Figure 41. Measured foil displacement as a function of current.
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begin a ringing motion (Figure 42) in which the peak deflection can be as much

as 2.1 times the final static deflection. The probable static equivalent

pressure jump is therefore only 3.0/2.1 = 1.4 atm, or 21 psi. Given'the many

acoustic possibilities for reflections and structural resonances, this figure

is in moderately good agreement with the predicted 15 psi overpressure from a

12 kA pulse.

It was noted that the displacement amplitude increased for increasing

pulse duration betweer, 20 psec and 50 psec, but ceased to increase beyond

50 psec. This, in addition to the non-sinusoidal foil movement sometimes ob-

served (e.g., Figure 42), indicates that possibly a structural resonance is

complicating the response.

In a separate displacement measurement on the 6:1 ellipse, 0.2 cm rib,

0.5 cm slot frame, movements of up to 55 x were observed at 30 Hz, and the

foil motion was much more regular (Figure 43). From equation (1) in the elas-

tic regime the foil displacement is proportional to 4 3, where A is the

free span. Comparison with an applicable code run shows that the movement in

Figure 43 corresponds to a pressure increment of 14 psi.

As noted above, the displacement decreased with increasing repetiticn

frequency. The range between 30 Hz and 100 Hz is shown in Figure 44 for two

drive voltages (data refers to Ti 15-3-3-3 on 6:1 ellipse, 0.3 cm slot

frame). The cause of this decrease was protably increased resistance in the

current strip caused by the higher dissipation. Because the effect was almost

atsent at 7 kV, when the dissipation was four times less, the possibility of

the effect being related to acoustics is ruled out. Although this effect is a

nuisance, it does not prevent tests with Ap = 15 psi at 30 Hz. To improve

upon this repetition frequency would require a redesign of the test head and

possibly the introduction of cryogenic cooling.

By operation at frequencies lower than 30 Hz, the pressure increment

could be increased. At 10 Hz, where some of the following data was taken, and

with an increase of the drive voltage to I kV, we were able to generate pres-

sure jumps of - 22 psi.

Two measurements were made of the decay of the ringing movement. On the

0.3 cm slot frame, the l/e decay of the displacement amplitude occurred in

9 cycles. On the 0.5 cm slot frame it occurred in 14 cycles. These damping

-33-
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rates are comparable to those in the gas-loaded foil of high-pressure excimer

* lasers (Section 3.5), but the resemblance is merely coincidental. Although

* the number of oscillations is similar, the oscillation frequency is about 7

times less in the liquid-loaded case.

p. 5.4 FOIL TESTS ON THE CYCLIC PRESSURE RIG

Initial tests were cn the 6:1 ellipse, 0.3 cm slot frame. When it

appeared that Ti 15-3-3-3 was exceeding 10 cycles routinely on this frame

the tests were extended to a wider, 0.5 cm, slot. In each case the support

rib width was 0.2 cm.

The test deta for the 0.3 cm slot is listed in Table 7. Only two fail-

ures were observed, both caused by large (b 1 mm) cracks at the point of maxi-

mum stress near the rib edge. Failures were not observed in further tests at

the same and higher static pressures, although on a number of samples small

fatigue "spots," visible to the naked eye, were observed either over the rib

or right at the rib edge. These spots have been examined on the scanning

electron micrcscope and constitute areas of -100 pm diameter in which there

is a profusion of fatigue cracks on the pressure side and evidence of small

k< 10 pm) grains of AZi2 03 at a damage site directly opposite, on the rib

side (Figure 45). They apparently are associated with the presence of abra-

sive dust particles between the foil and the rib. The crack failures that did

* occur (tests I and 2) showed characteristic "feather-like" fatigue crack

* growth surfaces, as exampled in Figure 4E.

In tests I1 and 2, particularly, a brown discoloration was noted on the

areas of the foil that had been in contact with the support rib, specifically

the lines of intermittent contact at the rib edge. the support frame was 304

stainless steel, so that we attribute the discoloration to the presence of

iron oxide. Tests 1 and 2 were conducted at a time of high humidity so that

it is possible t~ at the water-cooled foil attracted some condensation and that

* galvanic corrosion was taking place. Later tests showed much less discolora-

tion or none. It is possible, but has not been proved, that, in tests 1 and

2, fatigue was enhanced by corrosion, thus explaining the early failures. An

examination of test specimens 1 and 2 revealed small areas of etching in the
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TABLE 7. CYCLIC PRESSUPE TESTS O! C:1 ELLIPSE, 0.3 cm SLOT, FRAME

Material: Ti 15-3-3-3 as rolled, 0.65 mil
Current pulse duration 50 psec
Repetition Frequency 30 Hz
Voltage 14 kV
Overpressure Ap = 15 psi

Test No. Static Over- NQ. of cycles Failure Mode Fatigue Spots
Pressure Pressure (10' = runout) (e=edge of rib
(psi) (p.s.i) (r=above rib)

1r 95 15 .Ox106  crack le
2 9F 1F 9xj04  crack 2e
3 95 15 >107 0
4 95 15 >107 le

5 115 15 >j07 le
6 115 ;F >107 4e1r
7 115 15 >Ex106 4e

8 75 15 >107 0
9 75 15 >107 0

I .'
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Figure 46. (a) Fatigue-induced crack on one of the two probable
-' stress-corrosion cases, showing feather-like growth. (b~) Detail
* of a corrosion spot at the rib edge of this case.
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discolcred zone (Figure 4f), which did not resemble the other fatigue spots

mentioned above, and indicate that corrosion could have been the cause of

early failure in tests 1 and ?. In Figure 47, the corrosion markings at the

rib edge are shown for test 1, and position of the failure crack near the rib

edge is seen.

Because of the lack of catastrophic foil failures on the C.3 cm slot

frame, testing was begun on the 0.5 cm slot frame, initially under less severe

pressure conditions. Tests 10, 11 and 12 (data in Table 8) showed no failure

or fatigue spots; therefore, a new and more severe testing condition was em-

ployed for tests 13 to 27. By reducing the repetition frequency to 10 Hz and

increasing the drive voltage to If kV, an overpressure of 22 psi (extrapo-

lated) could be applied. The reduced test frequency would have necessitated

12 days for each 10 cycle runout, so a 10 5 cycle runout was adopted, tak-

ing 2.89 hours per test. Reference to the room temperature fatigue data of

Section 2.0 shows that for all materials the 10 Ecycle fatigue strength is

less than 10 percent greater than the 10 7cycle strength, so that a very

good inc'icator of 10~ cycle perfomiance is obtained at 10~ cycles (pro-

vided that the mechanismi is similar between the present fatigue and the 30 Hz

sinusoidal fatigue of Section 2.0 - a point further discussed below).

Tests 13 to 17 showed no sign of fatigue in Ti 15-3-3-3 , but tests 18

and 10, which eWended the same conditions to 10 6cycles, showed small
fatigue spots at the rib edge and above the rib.

In tests 20 to 23, the pressure conditicns were unchanged but the mate-

rial was changed to CP Ti(4. This material tended to fail in < 10~ cycles

by starting to leak water slowly at a pinhole-like location.
5In tests 24 to 27, Ti 3-2.5 was employed and survived 10 cycles in

N all cases, but did show a number of fatigue spots.

Altogether, of the 22 fatigue spots observed over all the tests, 1f were

at the edge-of-rib position (t 0.02 cm) and E were elsewhere above the rib.

None was in the free-span location. This distribution correlates very well

with the computed region of m~aximumi stress (and maximum stress cycling) in

this geometry.
For each of the static pressure and overpressure conditions listed in

Tables 7 and P, the stress distribution was computed, using the methods of
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TABLE 8 CYCLIC PRESSURE TESTS ON 6:1 ELLIPSE, 0.5 cm SLOT, FRAME

Static Over- Fatigue Spots
Pressure Pressure No of. Failure e=edge of rib

Test No. (psi) (psi) Material Cycles Mode r=above rib

10 7 5 Ti 15-3-3-3 >j07 0
as rolled,
0.65 mil

11 75- 15 >107 0

12 75 I" >8xj0 6  0

13 90 22 if >105 - 0

14 90 22 >105 - 0

15 90 22 " >10 5  - 0

16 90 22 " >10 - 0

17 90 22 " >10% 0

18 90 22 I >106 - 2e

19 90 22 " >106 3r,le

20 90 22 CP Ti(4) 3.7xi0 4  pinhole Ir

O.F ril

21 90 22 " 2.1x10 4  pinhole le

22 90 22 " 5.9x10 4  pinhole le

23 90 22 " >105 0

24 90 22 Ti 3-2.5, >105 - 1r,le

0.6 mil

25 90 22 " >105 0

26 90 22 " >305 - le

27 90 22 " >105 - 0
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6
Section 3.0, for a 0.65 mil elastic foil of modulus 15x10 psi. The results
are shown in Figure 48, where the data is plotted as MEDIAN stress against

ALTERNATING stress in a form of Goodman diagram. Here we define

MEDIAN STRESS = (ap + Op+AP)/2 (10)

ALTERNATINC STRESS = (oP+AP - op)/2 (11)

in which ap and cp+,p are the peak foil stresses, at pressures P and P+AP,

respectively. Also on Figure 48 is the measured uniaxial fatigue data (30 Hz,

sinusoidal, A = 0.8], 107 cycles) from Section 2.0, and a linearly scaled

biaxial strength curve.

In the calculation of the peak foil stresses, we have allowed for the

factor of 2 enhancement in alternating stress because of foil ringing. As

noted above, the foil typically rings for - 10 cycles at - 7 kHz. In a real

situation, with gas-loading, the foil rings a similar number of cycles, but at

~ 50 kHz.

The test data taken at points A...E is listed in Tables 7 and 8. At

point A, the Ti 15-?-3-3 as-rolled foil shows no fatigue spots at 107

cycles. The same is true of point D, although it has higher mean and alter-
nating stresses. Point B had the two early failures, which have been dis-

cussed above in the context of possible corrosion. The other two runs at

point B generated I fatigue spot in 107 cycles. At point C, there were four

fatigue spots in 107 cycles whereas, in the longer runs for point E (106

cycles), there were 6 fatigue spots. However the 105 cycle performance at

point E was perfect.

Taken together, the data shows that 107 cycle foil life is achieved
below the biaxial strerGth line but that fatigue spots are more frequent as

the line is approached. Further data would be desirable in order tc have sta-

tistical information for large area foil applications. Because the test con-
ditions required to induce fatigue were about two times higher in stress than

those anticipated at the outset cf the program, testing has had to proceed at

repetition rates reduced from these originally planned. As a result, in spite

of more than 1,000 hr of continuous running (41, 24-hr days), the data is

still much less plentiful than desired.
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When CP Ti(4) and Ti 3-2.5 were tested under the severe load conditions

applying to point E, failures and fatigue spots were more common (Table 8),

even at < 10 5 cycles. This is not a direct comparison with Ti 15-3-3-3 be-

cause the CP Ti(4) was 0.55 mil thick, as opposed to 0.65 mil. However, this
result, in combination with the burst test scatter for CP Ti(4), shows that it

is a less uniform material than the as-rolled Ti 15-3-3-3.

Of six fatigue spots in Ti 15-3-3-3 given detailed examination, five

showed evidence that abrasive dust particles had been between the rib and the

foil. The sixth showed what appeared to be a small protrusion toward the rib,

consisting of the same material as the foil, as verified by EDAX. This latter

feature only showed one clearly developed fatigue crack, and was probably

caused by a material defect.

It is clear that in future work precautions will have to be taken to

eliminate dust between the foil and the rib, beyond the solvent wash that was

applied in the present work.
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6.0 INTERFEROMETRIC MEASUREMENT OF FOIL MOVEMENT

A simple Michelson interferometer was used to measure foil movement on

the test rig. Because the gecometry employed was unusual, a description of
this interferometer will be given. The requirement was to follow the foil

motion - of amplitude up to 100 x at 633 nm - in real time. At the 7 kHz
oscillation frequency of the test rig foils, the required fringe-counting rate

* was 1.5 MHz. In addition, it was desirable that no reflectors should be

attached to the foil (which might affect the stress distribution) and that no
special foil surface polishing should be required (which might affect foil

mechanical properties, and which, in any case, would be time-consuming). The

solution adopted was to use a single speckle in the reflected pattern from a
focused laser beam as the reference signal for the interferomneter. This is
illustrated in the schematic of Figure 49.

Typically, the output from a He-Ne alignment laser was expanded 10x in a

* telescope and focused on the foil at a distance of -80 cm. The spot size was
estimated to be about 50 pm. Reflected from the convex foil surface was a

speckle pattern that consisted of about 10O3 speckles in a cone of
-0-2sterad. The number of speckles was minimized by adjusting the tele-

scope finely so that the focused beam waist coincided with the foil surface.
Part of the beam was split off and reflected from a reference mirror and lens

combination (Figure 49). Adjustment of the position of this lens, both in the

plane of the mirror and normal to it, allowed the reference beam to be given

the correct radius of curvature and tilt for interference with one of the
speckles. A single speckle was selected by means of an adjustable iris, be-
hind which was a light guide leading to a pthotonultiplier.

The adjustable lens was an essential element of the system. It gave the

reference arm a geometric length equal to that of the signal amn when the ref-
erence beam was exactly focussed on the mirror. A plane mirror was used,

whereas the foil was a curved, cylindrical surface of radius -3 cm. Small

lens adjustments were needed in order to match the curvature and tilt of the
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reflected speckle. The sensitivity of the curvature and tilt matching is
illustrated in Figure 50, where their dependence on the detection aperture

* (Pa) is given. In the example given, the radius must match to within *3 cm
and the tilt to witHi ().Cx]O-4 rad.

* In setting up the interferometer, a large speckle is chosen and the ref-

erence beam intensity is adjusted to be similar to that of the speckle by the
insertion of ND filters. The lens adjustments are then made while the detec-

tor output is being monitored on an oscilloscope. When the curvature match is
obtained, there is a sudden increase in signal fluctuation, and a regular pat-
tern may be observed on the screen if the foil is being mechanically driven
and the oscilloscope is synchronously triggered. In order to increase the
frequency response of our interferometer, an emitter follower circuit was

built which had a current gain of -10 3and response to -2 MHz.
The full time-dependent foil movement could be recorded over an extended

number of cycles by recording successively delayed sweeps of the oscilloscope
trace. Figure F1 is a montage of such photographs, being the first quarter

- - cycle of a series of about 14 oscillations of the foil. The turning points of
foil motion can be easily seen as reductions in the fringe frequency. Each
fringe represents x/2 motion of the foil. Continued measurements at larger
delays allowed the movement (Figure 43) to be plotted, and similar measure-
ments w~ere made in the analysis of the test rig performance described in Sec-

tion F.O.
In conclusion, a useful technique has been developed for the remote

-~ sensing of the movement of quasi-smooth surfaces. The typical surface appear-
ance of these foils may be seen uder S.E.M. as, for example, in Figure 45.

* The roughness horizontal scale is -3 pm, which explains the large number of
speckles obtained from a FO tim focal spot.

As one of the tests on the cyclic pressure rig the movement of the
foil support frame was measured. No difficulty was experienced in performing

* interferometry off its machined stainless steel surface. The cyclic movement
of the frame was -2 x under load conditions of 90 psi static with 15 psi

pulsed overpressure.
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Figure 50. Illustration of curvature and tilt matching in the interferometer.
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7.0 SINGLE PULSE MEASUREMENT OF FOIL MOTION

7.1 INTRODUCTION

As a verification of the simulated laser pressure conditions used in
Section 5.0, a measurement was performed of foil deflection in a real laser

i ituation. For this purpose, an electron-beam-pumped laser was modified so
that foil movements could be measured by interferometry from the vacuum side

of the foil, and the ravity side was partly filled to avoid spurious acoustic

reflections.

7.2 EXPERIMENTAL ARRANGEMENT

An electron-gun was used which had the following measured parame,

A Vol tag& 275 kV
Current density (before foil) 11 A cm-2

Magnetic guide field I kG
Pulse duration 0.6 Psec > 1.2 Psec
Total available foil aperture 4 x 100 cm
Foil aperture used 4 x 15 cm

The gun is shown schematically in Figure 52. In order to create an overpres-

sure time history characteristic of a laser with an aperture of 30 cm, the

electron beam was restricted to an aperture of 4 x 15 cm as shown in

' Figure 3. In the 4 x 15 cm aperture was a foil support structure with rib

* 0.2 cm, slot 0.3 cm and rib contour 6:1 ellipse . After the foil, the elec-

tron beam entered a gas, which was either Ar or Ne, inside a cell of propaga-

tion depth 12 cm. Within the cell the electrons deposited their energy in a

volume 4 x 15 x I2 cm deep volume, whose boundaries were defined by an alumi-

num block that filled the dead spaces above and below the beam and at one end

of the cavity. The overpressure was allowed to form an expansion wave down

the body of the cavity.

Foil movement was monitored by the interferometer described in Section

6.0 above, modified optically to allow access to the vacuum side of the foil.
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Figure F2. Schematic of electron gun used in single pulse experiment.
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Figure 53. Illustration of single pulse pumping geometry, showing Hocked
regions.
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The optical arrangement is shown in Figure 54. Because the magnet coils and

* drift space required an extension of th interferometer signal arm to
140 cm, increased laser intensity was required to compensate for the reduced

intensity of the speckle pattern (- 10 times reduced because of the additional

length). An argon ion laser was employed, capable of 34W output on the
stronger lines. It was found, however, that the ion laser had to be operated
just above threshold, at -100 mW, in order to obtain the coherence length of

300 cm, which was necessitated by the long signal arm. Alignment of the
interferometer was straightforward and greatly helped by the presence of low-

frequency (< 1 kHz) room vibrations, which gave strong signals once the curva-

k'. ture and angle matching were achieved.

7.3 MEASUREM~NTS OF FOIL MOVEMEN~T

By variation of the electron gun pulse duration, the overpressure was

varied at constant gas fill pressure. In order to have the most direct rele-

vance to laser applications, most of our data was taken with a gas fill of

75 psi Ne. Although vie also took data with 30 psi Ar, the fringe count rate

for that case exceeded the interferometer bandwidth, and the resulting poor
signal-to-noise ratio made the interpretation of foil oscillatory motion dif-

N ficult.

Unlike the data obtained on the cyclic test stand, the foil motion on

the electron gun could not readily be deciphered during the first few half
cycles following the current pulse of the gun. It was realized that the
direct heating of the foil by the passage cf electrons was contributing a sub-

* stantial movement of the foil because of thermal expansion. It is possible
that the readjustment of the foil to its new thermal equilibrium was leading
to higher-order membrane modes being excited, which confused the interferome-

ter signal. An estimate of the expansion effect will be given below in

* Section 7.4.
1 In the case of We at 75 psi, the foil oscillatory motion could be re-

solved after a delay of about 10 Psec from the gun pulse. The period of
oscillation was 21 Psec, somewhat longer than the approximate estimate of

15 psec for a gas-loaded foil given in Section 3.5. This discrepancy could be
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caused by either an underestimate of the effect of the mass of the gas moved

by the foil, or a lower membrane stress than the computed one due to a small

degree of foil slippage at the edge of the foil support frame.

The measured amplitudes of oscillation are plotted in Figure F5, for a

range of electron gun pulse durations. Also in that figure is the calculated

foil movement for those experimental conditions. The test foil for this data

..-' was 0.5 mil CP Ti(4), chosen because it had the shiniest surface and hence

gave the best interferometer signal-to-noise ratio. The calculation will be

" discussed in the following section.

An interesting additional observation was made in both the Ar and Ne

cases. The foil had a constant low amplitude oscillation, which we refer to

as the background oscillation, present even when the gun was not fired. The

peak-to-peak amplitude of this background oscillation was between IO/2 and

18x/2 in each gas and its period was 21 psec. Presumably this oscillation was

being excited by harmonics of room vibrations, although it was still present

when the rotary pumps to the vacuum chamber and laser cell were switched off.

Pcssibly a chance coincidence existed between the foil period and one of the

gas cell acoustic modes. During the experiment we did not use any acoustic

absorbers in the gas cell, reasoning that our measurement would be over before

any reflected acoustic waves could return from the far end of the gas cell.

7.4 CALCULATION OF FOIL MOVEMENT

We consider first the thermal expansion of the foil in response to heat-

ing of the foil material by the electron beam. At 275 kV incident energy the

electrons lose on average 22 kV passing through a 0.5 mil Ti foil. Although

the average current after the foil is 4.8 A/cm 2 , the actual current density
2that impinges on - 0.22 cm out of the 0.3 cm free aperture is 11 A/cm

When a calculation is performed, we find that the foil expansion factor,
.4-4

averaged over the free span, is 4.6x10 4 /1 psec of electron beam pulse, cor-

responding to a temperature rise of 80'C at the foil midspan position.

In -order to compute the pressure jump, an existing AERL code was used to

calculate electron-beam deposition as a functon of depth into the gas. The

average deposition for 75 psi of Ne was 0.061 J/cm 3 per psec, leading to a
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Figure 55. Measured and calculated foil peak-to-peak movement for 75 p.s.i.
lVe single pulse experiment.
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pressure jump ratio aP/P=0.081/1 psec, of the electron beam pulse. From

Figure 25, we may read the deflection conputed for each pressture jump condi-

tion, taking into account the 2x overshoot for transient loading (Section 3.)

and doubling to obtain the peak-to-peak motion. The results are plotted as a

line in Figure F5. The accuracy of this calculation, involving so many steps,

cannot be better than *20 percent. However, it is in good agreement with the

measured movement and hence serves to verify the amplitudes used in the cyclic

tests of Section 5 (whirh corresponded to larger overpressures).

The thermal expansion factor of 4.xlO-4 /1 psec pulse leads to an ini-

tial foil movement 31 percent as great as the peak-to-peak oscillaticn, for

tie 75 psi Ne case. It is, therefore, not surprising that the initial move-

ment of the foil is irregular, as described above. Although this thermal

expansion is not included in the simulation of Section 5.0, it does not con-

tribute nearly as much to the stresses as the pressure pulse; hence, its

neglect is not a serious matter.

7.E CONKCLUSIO'

Although a good measurement of single pulse foil movement was only

obtained in the case of the He gas fill, the result was encouragingly in line

with expectation, and thereby confirmation was made of the applicability of

the cyclic test results to real laser stress-cycling conditions.

INC,
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8.0 SUMMARY

The following comuents may be made regarding the data presented in the

previous sections of this report:

1. The tensile strength measurements performed on Ti alloy ribbon

showed that foil samples were as strong as or stronger than the bulk

* material in all cases (Section 2.2, Table 6).

2. The 10~ cycle fatigue test on ribbon samples showed trends similar

to those observed in bulk Ti. However, there was a large decrease

in the 10 cycle fatigue strength of aged Ti 15-3-3-3 tested at
6000F, relative to 750F. Such a decrease was not observed in

Ti 3-2.5 (Table 4). This data underscores the fact that Ti 15-3-3-3

is an outstanding low temperature alloy, but that at temperatures
much above 600w F in fatigue it is probably not much better than
Ti 3-2.5. FurtV~er data is needed on this imiportant point.

3. The crystal structures revealed in scanning electron microscopy show

that there is not a direct relationship between the size of the cry-

* stal grains (relative to foil thickness) and the foil strength
(Section 2.4).

4. An experimental measurement of the membrane strength of Ti alloy

foils (Section 4.0) showed that their strength under biaxial stress
loading was much greater than the uniaxial strength measured on rib-

bon samples. The largest enhancem~ent factor, 1.89, was obtained for
Ti 15-3-3-3 (as rolled). The causes of this enhancement are not

known.
~.In the cyclic pressure impulse tests (Section 5.4) the fatigue per-

formance of foils could be correlated quite well with the measured
VIP unlaxial fatigue properties scaled up by the measured biaxial
00 strength enhancement factor. The fatigue st ress waveforms were dif-

ferent in each case, with the cyclic pressure pulse including nuch

higher frequencies (7 kHz as opposed to 30 Hz). However, we recomn-

mend the use of scaled 30 Hz fatigue data as a safe design basis.
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6. In a number of the higher pressure pulsed tests we observed small

fatigue "spots" above the foil support rib. These spots, when
examined under the scanning electron microscope with EDACS analy-

-S sis, turned out to be areas of fatigue crack growth on the pressure
(higher stress) side, directly opposite to small alumina particles
embedded in the foil on the rib side. The value of clean-room

preparation of foil assemblies is emphasized, particularly when the
calculated stresses approach the fatigue limit.

7. The single-pulse measurement of foil movement gave foil oscillation

amplitudes in good agreement with those calculated (for Ne at

75 psi). This result confirmed the correctness of the test condi-

tions in Section 5.0, where the overpressure was deduced only from

the measured notion of the foil.

8. A finite-element computational model of the foil was developed
which allowed stresses and strains to be calculated from arbitrary

input material properties. Because of the enhanced yield strength

under biaxial loading conditions, most of the calculations were
performed for an assumed elastic Ti material. The extension to

specific measured material properties was only carried out in the

modeling of the membrane strength test for Ti 3-2.F, in connection

with a determination of its biaxial strength enhancement factor.
9. The model was used to predict the actual stresses in the pressure

cycling experiment, and also to optimize the rib support shapes.
Out of the generic class of elliptical support shapes stress minima
were demonstrated for ellipticity of 8:1 (minor axis perpendicu-

lar to foil). An additional finding with the computer model of a
plastically deforming foil showed that "pre-forming" could reduce

the foil peak stress (section 3.4) by useful amounts, although the
practical scope for this is limited by low foil ductility.

IC. A useful interferometer design was devised for the measurement of

foil movement at velocities up to 200 cm sec- (Section 6.0).

0 The foil surface required no preparation, as the reflected speckle
pattern could be used for the signal beam. The same principle is

of general applicability in the remote measurement of vibrations

* where a quasi-smooth surface is available.
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11. Future work is necessary on the uniformity of large foil samples,

particularly in relation to material defects. In the burst test

data of Section 4.0 the as-rolled Ti 15-3-3-3 exhibited much less

scatter than any other foil type, indicating that its properties

are extremely uniform over areas of hundreds of square centi-

meters. This ceuld be a consequence of its superb cold-rolling

properties. Further work is desirable on the quality of large area

(> 104 cm2 ) samples of Ti 15-3-3-3.
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